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ABSTRACT 
The aim of this work is to evaluate the potential application of a new sustainable 
technology, called Acid Gas to Syngas, on steam reforming process in order to reduce the 
carbon dioxide emissions. Indeed, steam reforming has high emissions of carbon dioxide, 
at almost 7 kg of carbon dioxide per 1 kg of hydrogen produced. The key idea of the new 
technology is to convert carbon dioxide and hydrogen sulfide coming from natural gas 
desulfurization into additional hydrogen. Coupling different software, i.e. Aspen HYSYS 
and MATLAB, a complete plant model, able to manage the recycle of unconverted acid 
gases, has been developed. The importance of introduced innovations is highlighted and 
a comparison between the old process and the new one with Acid Gas to Syngas 
technology is built up. With Acid Gas to Syngas technology the natural gas consumption 
and carbon dioxide emissions can be reduced up to 3%. 
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INTRODUCTION 
The global use of natural gas is growing rapidly in the last decade, in particular in the 
developing country like China [1]. This is primarily attributed to the environmental 
advantages it enjoys over other fossil fuels such as oil and coal [2]. For this reason, there 
is worldwide drive towards increasing the utilization of natural gas and towards the 
related study in order to minimize energy consumption and emissions and increase the 
profit [3]. One of the most important chemical processes that use natural gas as feedstock 
is steam reforming. This is a commonly used and mature technology for industrial 
hydrogen production [4]. According to a life cycle assessment of global hydrogen 
production provided by Dufour et al. [5], about 75% of world’s total hydrogen is 
produced by Steam Methane Reforming (SMR). 
A typical SMR system consists of these main sequential units: desulfurizer, with the 
related Sulfur Recovery Unit (SRU), reformer, shift reactors and separation units  
(Figure 1). In Figure 2, a more detailed scheme of reforming furnace and shift reactor  
is reported. 
 
 
 
Figure 1. Process diagram of conventional SMR process for hydrogen production 
 
 
 
Figure 2. Typical flowsheet of steam methane process [6] 
 
In the desulfurizer, sulfur is removed from natural gas to avoid the production of 
sulfur oxides (SOx) and the successive contamination of catalysts in the reformer [7].  
As a consequence, desulfurizer produces sulfidic acid (H2S) as a by-product, that is 
usually converted into sulfur and water into the Claus process [8]. The latter is the most 
diffused, well-known and deeply studied process that allows to recover, at the same time, 
sulfur and thermal energy from acid gases [9]. Nowadays, many different configurations 
of this process are implemented (e.g SuperClaus or EuroClaus) [10] and a comparative 
analysis in commercial operation has been reported by Eow et al. [11]. In any case, the 
Claus process is commonly divided into two stages, thermal and catalytic as reported in 
Figure 3 and is based on the following global reaction: 
 
2HS + O = S + 2HO (1)
Bassani, A., et al. 
Mitigating Carbon Dioxide Impact of Industrial ... 
Year XXXX 
Volume X, Issue Y, pp xx-yy  
 
Page assigned by journal Journal of Sustainable Development of Energy, Water and Environment Systems 
 
 
Figure 3. A schematic diagram of Claus process incorporating furnace (thermal) and  
catalytic stages [12] 
 
In the reformer, a syngas containing hydrogen (H2) and carbon monoxide (CO) is 
produced by the reaction between hydrocarbons and steam. Then, there are two shift 
reactors that operate at different temperatures, both of which convert CO produced in the 
reformer into carbon dioxide (CO2) and H2 [13]. The initial High Temperature Shift 
(HTS) reactor takes advantage of the high reaction rates, but is thermodynamically 
limited, which results in a not complete conversion of carbon monoxide that is finalized 
in the following Low Temperature Shift (LTS) reactor. The main reactions involved in a 
SMR process are: 
 
C	H	
  nHO  nCO  2n  1H (2)
 
CO  HO  H  CO (3)
 
The net overall reaction is endothermic and the required heat could be supplied to the 
reformer in a different way. One possibility is to use an Autothermic Reforming reactor 
(ATR) with a standard one-step steam methane reforming [14]. It was reported that ATR 
at low Steam to Carbon (S/C) ratio should be the preferred technology for large scale 
plants since it maximizes the single line capacity and minimizes the investment [15]. 
However, it was also reported that the cost of the Air Separation Unit (ASU) offsets the 
savings made by using a cheaper reformer [16]. Thus in this work, it has been preferred to 
simulate the behavior of a standard SMR producing syngas with a high hydrogen excess 
and using the purge gas from the recycle loop as reforming furnace fuel [17]. Moreover, 
the excess of hydrogen in the reactor feed stream, gives a recycle stream with a higher 
Lower Heating Value (LHV). Some typical reformer operating conditions are listed as a 
temperature of 700-1,000 °C, a pressure of 15-50 bar and an S/C ratio between 2 and 5 
[14]. The produced syngas is cooled before entering the shift reactor to remove the heat 
of the exothermic shift reaction [eq. (2)]. The gas stream exiting the shift reactors consists 
of H2, CO, CO2, H2O and the remaining methane (CH4). After separation and removal of 
the water using a condenser, the dry shifted stream enters or a downstream process  
(e.g. methanol production [18] and Fisher Tropsch synthesis [19]) or a hydrogen 
purification unit from which the final product H2 exits. There are two main technologies 
for hydrogen purification: Pressure Swing Adsorption (PSA) and membrane separation 
[20]. Due to the complicated nature of purification process, all separation and purification 
units are assumed in this study to be simple separation steps. After purification of H2 
stream, the remaining tail gas leaves the PSA unit at near atmospheric pressure and with a 
high concentration of CO2. This tail gas is sent to furnace as a secondary feed stream in 
order to decrease the fuel consumption. The traditional process layout is summarized in  
Figure 1. 
Bassani, A., et al. 
Mitigating Carbon Dioxide Impact of Industrial ... 
Year XXXX 
Volume X, Issue Y, pp xx-yy  
 
Journal of Sustainable Development of Energy, Water and Environment Systems Page assigned by journal 
As a consequence, SMR process plant emits about 7 kg of CO2 per 1 kg of H2 
produced, which was equivalent to 220 Mt CO2 globally [21]. Carbon Capture and 
Storage (CCS) technology could be a way for decreasing these emissions [22]. However, 
carbon capture again consumes a lot of energy [23]. Basing on a recent idea [24], another 
attractive way to reduce the CO2 emissions is the conversion into valuable products  
(i.e. syngas) by means of reaction with H2S, that is another emission of this process as 
already mentioned. The global oxy-reduction reaction takes place in the Regenerative 
Thermal Reactor (RTR): 
 
2HS + CO = H + CO + S + HO (4)
 
The Acid Gas to Syngas (AG2STM) technology exploits the hydrogen content of H2S 
as reducing agent for CO2 [25] and, at the same time, allows to use energy sources 
currently still unexploited because of their relevant sulfur content. Crude oils, natural 
gases, and different coals with high sulfur contents are promising candidates for this 
technology [26]. Moreover, AG2STM allows to substitute a mandatory process for the 
conversion of H2S (i.e. Claus process) that is not economically self-sustainable. In fact, 
the product with the highest economical value of the Claus process is not sulfur, but 
medium pressure steam produced in the Wasted Heat Boiler (WHB), that is energy 
recovery heat exchanger allows to recover heat coming from the effluent gaseous stream 
of Claus furnace. On the other hand, with AG2STM process, there is the production of 
both sulfur and medium pressure steam, but also the production of an additional amount 
of hydrogen that is an economically appealing product. It is important to underline the 
fact that this novel process was proved only at laboratory scale [27] and simulation level 
[28]. El-Melih et al. [27], showed that a suitable combination between H2S and CO2 at 
fixed temperature like 1,400 K allow to reach conversion of H2S and CO2 equal to 30% 
and 15% respectively. The target of this study is to evaluate the potential application of 
AG2STM technology on SMR. For this reason, a basic comparison between the old and the 
new process will be done both in terms of industrial feasibility, highlighting some critical 
parameters (e.g. furnace temperature or hydrogen sulfide conversion), and in terms of 
emissions reduction (i.e. LCA). Indeed, nowadays, processes are usually optimized in 
order to maximize industrial performance like productivity or to minimize economic values 
like payback time [29]. However, also the environmental impact is an important factor and 
it’s not easy to evaluate. The most complete approach to evaluate the environmental impact 
of a process or a product is the Life-Cycle Assessment or LCA analysis [30]. In this kind of 
study, the environmental impact is estimated considering all the stages of the process’s life, 
from the raw material extraction to the plant disposal [31]. Impacts of any material, fuel, 
process or emission are assessed. This analysis is very useful to compare two different 
processes or to identify in which stage one process is more polluting. Different kind of 
methods are available to assess the environmental impact, the most used and easy to 
understand are the carbon footprint and the water footprint [32], while others, like ReCiPe 
method [33], are complex to interpret but more complete. In this work, the carbon footprint 
of the process has been considered using as impact category the Global Warming Potential 
(GWP) according to International Panel in Climate Change (IPCC) [34]. 
PROCESS AND SIMULATION TOOLS 
In this paragraph, the overall layout of the novel SMR process is discussed and then 
each part is analyzed with a description of models and tools. The commercial process 
simulation software Aspen HYSYS is used for this simulation excluding the regenerative 
thermal reactor and the furnace for AG2STM and Claus process respectively. Aspen 
HYSYS is a comprehensive process modeling system used by many oil and gas 
producers, refineries, and engineering companies around the world to optimize process 
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design and operations [35]. Indeed, this software includes the material and heat balances 
of the most diffused unit operations like flashes, heat exchangers and distillation columns. 
The Peng-Robinson-Styjek-Vera (PRSV) equation of state is used for the entire process 
except for the amine wash section, where the amine package included in Aspen HYSYS 
is adopted [36]. PRSV assures a good description of non ideal systems by both enhancing 
pure compound vapor pressure prediction and employing proper mixing rules [15]. 
Figure 4 shows a simplified block flow diagram comparing the traditional SRU process 
with the novel one. 
 
 
 
Figure 4. Block flow diagram of traditional and novel SMR processes 
Amine wash units 
The natural gas, as mentioned in the introduction paragraph, must be purified form 
acid gases (H2S and CO2). For this work, it is decided to use the methyl diethanolamine 
(MDEA) for its industrial application and its specific selectivity to hydrogen sulfide [37], 
which allows to control the ratio between H2S and CO2 that is crucial for AG2STM 
process. Moreover, the novel process presents an additional amine-washing unit, 
included in the AG2STM section. This sweetening aims to separate the extra syngas 
produced in the RTR from the unreacted acid gases that are recycled to the AG2STM 
process. The amine washing section is simulated entirely through HYSYS software, 
thanks to a template already existing in the commercial package. The configuration of an 
amine treatment unit is composed of a single absorption column, one regeneration 
column and all related equipment, such as pumps, heat exchangers and filters, as reported 
in Figure 5. 
 
 
 
Figure 5. Amine washing with regenerator [37] 
Bassani, A., et al. 
Mitigating Carbon Dioxide Impact of Industrial ... 
Year XXXX 
Volume X, Issue Y, pp xx-yy  
 
Journal of Sustainable Development of Energy, Water and Environment Systems Page assigned by journal 
Steam Methane Reforming Units (SMRU) 
The model developed for this investigation is mainly based on the flow diagram 
provided by Soltani et al. [21]. The process is simulated using Aspen HYSYS that allows 
to analyse the case study under different operating conditions. Several assumptions are 
made by Soltani et al. [21] for the design and the analysis of the reforming process.  
Here are reported the most significant for this work: 
• The hydrogen separation in the purifier (PSA) removes 90% of the hydrogen; 
• The product H2 stream is 100% pure with no other contaminants; 
• The furnace is a Gibbs reactor (the presence of CO, H2, CO2 makes a stoichiometric 
reactor model complicated and inadequately accurate); 
• The reformer reactor and the two shift reactors are equilibrium reactor that includes 
the reactions eq. (2) and eq. (3). 
The thermodynamic integrity of the simplified model is assured by setting appropriate 
reactor temperatures and flow stream temperatures. The developed Aspen HYSYS 
flowsheet is shown in Figure 6 and the pressures, temperatures and pressure drops are 
presented in Table 1. For further information see the work of Soltani et al. [21]. 
 
 
 
Figure 6. Schematic Aspen HYSYS model of SMR 
 
Table 1. Operating parameters considered for modeling SMR process [12] 
 
Flow stream Temperature [°C] Pressure [bar] 
Steam feed 200.0 30.0 
Natural gas feed 38.0 30.0 
Reformed gas 815.0 19.5 
Cooled gas to HTS 350.0 19.0 
Cooled gas to LTS 204.0 18.0 
Shifted gas to purification 213.0 17.0 
Dry syngas 38.0 16.6 
Pure H2 38.0 1.60 
PSA tail gas 38.0 1.00 
Furnace fuel 25.0 1.00 
Air inlet to furnace 25.0 1.00 
Device Outlet temperature [°C] Pressure drop [bar] 
Reformer 815 1.72 
HTS 428.0 1.03 
LTS 213.0 1.03 
Condenser 38.0.0 0.34 
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Claus process (Traditional Steam Methane Reforming process) 
As already mentioned in the introduction, Claus process can be divided into two main 
sections: thermal and catalytic. The latter is simulated using conversion reactor in Aspen 
HYSYS. The main reactions involved in the catalytic section are the reduction of H2S 
reacting with sulfur dioxide (SO2) [i.e. Claus reaction, eq. (5)] and the hydrolysis of 
carbonyl sulfide (COS) [eq. (6)] and carbon disulfide (CS2) [eq. (7)]: 
 
2HS + SO =
3
x S + 2HO (5)
 
COS + HO = HS + CO (6)
 
CS + 2HO = 2HS + CO (7)
 
The typical conversion of the hydrolysis reaction is about 75% on alumina catalyst 
and of about 97% for Claus reaction [38]. On the other hand, the thermal section was 
simulated using a detailed kinetic scheme using DSMOKE software [9]. The detailed 
kinetic scheme selected is made up of three different subsets of reactions that describe the 
kinetics of carbon [39], sulfur [40] and nitrogen [41]. DSMOKE has a simple interface 
for reactors network construction and there is also a sensitivity analysis tool that can be 
very useful to investigate which reactions have an important contribution to the 
simulation results. This computational tool uses standard material and energy balances of 
Continuous Stirred-Tank Reactor (CSTR) and Plug Flow Reactor (PFR) reactors and in 
particular: 
• PFR reactor material and energy balance: 
 

 =           = 1, … , NC 
 !
"#$
 
(8)
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• CSTR reactor material and energy balance: 
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This code is integrated within Aspen HYSYS with the use of MATLAB. This allows 
to include a detailed kinetic scheme, within non-ideal reactor models and in turn into 
commercial environments for the simulation of chemical plants. According to the work 
of Manenti et al. [9], the Claus furnace and waste heat boiler can be simulated by means 
of several kinds of reactors in series (see Figure 7). This simplified configuration 
(computational fluid-dynamics is not considered) is also useful for on-line purposes since 
it allows to perform simulations with small computational effort. According to the fast 
ignition of H2S with respect to the other species, an equilibrium reactor is adopted to 
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simulate the first portion of the thermal reactor furnace. Next, two plug-flow reactors are 
adopted to simulate the remaining portion of the thermal reaction furnace and the waste 
heat boiler. 
 
 
 
Figure 7. Claus thermal furnace: simulation with ideal reactor series 
Acid Gas to Syngas technology (Novel Steam Methane Reforming process) 
The core of the novel SMR process is the RTR, which has a different configuration 
compared with the typical Claus furnace [10] (see Figure 8). RTR allows to reach the aim 
of this process that is to recover as much as possible hydrogen from the H2S. The key idea 
is to feed an optimal ratio of H2S and CO2 and to preheat the inlet acid gas before the 
combustion. In this way, H2S pyrolysis produces hydrogen selectively H2. Therefore, it is 
convenient to feed the acid gases to the RTR at high temperatures (e.g. 700 °C) in order to 
reduce the oxygen flow rate required to reach the furnace temperatures (1,100-1,350 °C). 
In this way, the oxygen stream is much lower than the typical oxygen provided to the 
Claus processes and the H2S potential for pyrolysis is completely exploited. As in the 
traditional Claus process, the released heat is recovered generating medium-pressure 
steam in a WHB. The latter and recycle pre-heating equipment could be considered a 
portion of the RTR, because they play a key role in the regenerative process. Actually, the 
RTR is similar to the Claus thermal furnace, but redesigned from the constructive point of 
view (Figure 8). For these reasons, the RTR could be simulated as: 
• Furnace (a): Adiabatic plug flow reactor using DSMOKE with detailed kinetic; 
• WHB (b): Non-isothermal plug flow reactor using DSMOKE with detailed kinetic; 
• Economizer (c): Heat exchanger in Aspen HYSYS. 
 
 
 
Figure 8. RTR configuration: furnace (a); WHB (b) and economizer (c) 
 
The catalytic reactor configuration is the typical one of the Claus process, and so it is 
simulated using a conversion reactor in Aspen HYSYS (see the previous paragraph). 
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Figure 9 reports the process flow diagram of the AG2STM technology and summarizes the 
simulation tools used for each unit. It is important to notice that this configuration take 
advantage by unreacted acid gases recycle. 
 
 
 
Figure 9. Process flow diagram of AG2STM technology 
RESULTS AND DISCUSSION 
The evaluation of the potentiality of the AG2STM technology application on SMR 
process is related to the natural gas feedstock and in particular to the quantity of H2S 
present. In general, the H2S composition in an industrial SMR changes from 0% to about 
6% [42]. In this work, in order to prove the validity of the novel process, a natural gas 
with 5.38% mol of H2S was chosen [37]. Indeed, this novel process exploits its 
potentiality with high H2S content which leads to a higher syngas recovery and allows the 
use of raw material with high sulfur content that nowadays are unused. In any case, this 
process could work also for less content of H2S. The feed composition is reported in 
Table 2. 
 
Table 2. Natural gas compositions and quantities [37] 
 
Component Mole [%] 
Hydrogen sulfide (H2S) 5.38 
Carbon dioxide (CO2) 4.48 
Nitrogen (N2) 0.11 
Methane (CH4) 63.35 
Ethane (C2H6) 13.90 
Propane (C3H8) 6.03 
Iso-Butane (i-C4H10) 1.36 
Normal-Butane (n-C4H10) 2.44 
Iso-Pentane (i-C5H12) 1.03 
Normal-Pentane (n-C5H12) 0.73 
Hexane (C6H14) 1.19 
Water (H2O) 0.00 
Total 100.00 
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According to the stream numbers of Figure 4, the simulation results both of the 
traditional SMR process and of the novel one using the AG2STM technology are reported 
in the next paragraphs. In both simulation cases, S/C for the steam reforming reactor is 
equal to 3. Moreover, the additional fuel gas that entering the reformer is mainly 
composed by methane (80% mol), CO2 (7% mol) and light hydrocarbons (13% mol).  
Traditional Steam Methane Reforming process 
Table 3 and Table 4 reports the results of Aspen HYSYS simulation of the traditional 
SMR process. The simulation results completely agree with the ones prosed by Soltani  
et al. [21]. Indeed, the kg of CO2 emitted per kg of H2 produced is equal to 7.25 instead of 
the 6.3 obtained by Soltani without considering the combustion furnace emissions. 
Again, the same ratio is equal to 14.37 instead of the 12.3 proposed by Soltani with 
considering the combustion furnace emissions. Finally, the additional fuel consumption 
is equal to 62.36 ton/h and the sulfur produced is 8.80 ton/h with a sulfur recovery yield 
equal to 94.80%. 
 
Table 3. Simulation results traditional SMR process: stream compositions (mol fractions) 
 
Traditional SMR process 
Stream n° [kg/h] CO CO2 H2 CH4 H2S H2O CnH(2n+1) N2 
Natural gas 1.369E5 Composition in Table 2 
1 1.442E4 0.00 0.19 0.00 0.00 0.71 0.05 0.04 0.00 
2 1.229E5 0.00 0.03 0.00 0.68 0.00 0.00 0.29 0.00 
5 2.085E6 0.00 0.15 0.00 0.00 0.00 0.17 0.00 0.68 
7 5.289E5 0.08 0.07 0.42 0.06 0.00 0.37 0.00 0.00 
8 5.289E5 0.00 0.14 0.49 0.06 0.00 0.31 0.00 0.00 
11 3.421E4 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 
12 2.839E4 0.00 0.58 0.19 0.22 0.00 0.01 0.00 0.00 
 
Table 4. Simulation results traditional SMR process (Claus section): stream compositions  
(mol fractions) 
 
 Traditional SMR process (Claus section)  
Stream n° [kg/h] CO CO2 H2 H2S SO2 COS CS2 S2 N2 H2O 
21 4.302E4 0.02 0.07 0.01 0.04 0.02 0.01 0.00 0.07 0.55 0.22 
22 4.088E4 0.02 0.08 0.01 0.00 0.00 0.00 0.00 0.08 0.56 0.25 
Novel Steam Methane Reforming production 
As already mentioned, the novel SMR process is designed using as target the same 
hydrogen production of the traditional process. Table 5 and Table 6 show the results of 
the simulation of the novel SMR process.  
 
Table 5. Simulation results novel SMR process: stream compositions (mol fractions) 
 
Novel SMR process 
Stream n° [kg/h] CO CO2 H2 CH4 H2S H2O CnH(2n+1) N2 
Natural gas 1.355E5 Composition in Table 2 
1a 1.429E4 0.00 0.19 0.00 0.00 0.71 0.05 0.04 0.00 
2 1.217E5 0.00 0.03 0.00 0.68 0.00 0.00 0.29 0.00 
5 2.075E6 0.00 0.15 0.00 0.00 0.00 0.17 0.00 0.68 
7 5.243E5 0.08 0.07 0.42 0.06 0.00 0.37 0.00 0.00 
8 5.290E5 0.00 0.15 0.49 0.06 0.00 0.30 0.00 0.00 
11 3.421E4 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 
12 2.870E5 0.01 0.57 0.19 0.22 0.00 0.01 0.00 0.00 
20 0.468E4 0.34 0.24 0.42 0.00 0.00 0.00 0.00 0.00 
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Table 6. Simulation results novel SMR process (AG2STM section): stream compositions  
(mol fractions) 
 
 Traditional SMR process (AG2STM section)  
Stream n° [kg/h] CO CO2 H2 H2S SO2 COS CS2 S2 N2 H2O 
14 3.797E4 0.06 0.07 0.08 0.36 0.00 0.02 0.00 0.12 0.00 0.29 
15 3.238E4 0.07 0.10 0.08 0.41 0.00 0.00 0.00 0.05 0.00 0.29 
18 2.383E4 0.09 0.14 0.12 0.58 0.00 0.00 0.00 0.00 0.00 0.07 
19 1.874E4 0.00 0.10 0.00 0.83 0.00 0.00 0.00 0.00 0.00 0.07 
 
The first thing to notice in these results is the fact that the mass flow rate of the natural 
gas is less than in the traditional case of about 1.06%. This leads anyway to the same 
hydrogen production. This is due to the AG2S™ technology that allows not only to 
convert a certain amount of CO2 but also to produce an additional amount of syngas  
(see stream n° 20). The regenerative thermal furnace works at atmospheric pressure with 
an inlet oxygen mass flow rate equal to 4,550 kg/h. The temperature reached in the 
furnace is equal to 1,250 °C. WHB is designed to quench the thermal reactor effluent so 
as to prevent any possible recombination effect, which has been proven to be significant 
during relatively slow cooling [43]. Moreover, the extra syngas leads to an additional 
amount of tail gases that directly reduce the necessary quantity of fuel gas. Indeed, the 
total amount of fuel gas that is used in this case is reduced of about 0.63%. As a 
consequence, the overall CO2 emissions are reduced to about 0.84% and in particular of 
4.13 ton/h of CO2. The outlet H2S and SO2 are equal to zero. The complete conversion of 
H2S is reached, as in the traditional Claus process, with an extra production of syngas.  
Technical feasibility revamping of Acid Gas to Syngas process 
The target of this section is to propose and demonstrate the sustainability and the 
industrial revamp feasibility of AG2STM technology. A comparison between Claus and 
AG2STM process is shown, choosing some critical parameters (e.g. furnace temperature 
or hydrogen sulfide conversion). The importance of introduced innovations is 
highlighted, both at technical and environmental level and the obtained results are 
analyzed through a comparison from a technical point of view of the standard Claus 
process and the AG2STM revamped one. At first sight, looking at Table 7, it is evident that 
both sulfur recovery efficiency, defined as the percentage of the sulfur in the feed that is 
condensed, and H2S conversion is higher in the case of the revamped process. This is due 
to the fact that the unreacted H2S is almost all recycled to the AG2STM process. Usually, 
chemical plants with one or more recycles, whose purpose is to increase products’ yield, 
work with higher mass flow rates. Therefore, it is expected to observe a significant 
difference in Table 7 but processed mass flow rates are similar for both processes. 
Indeed, the standard Claus plant, a once-through process, works with a huge amount of 
nitrogen, introduced in the furnace with the air flow instead of the AG2STM process that 
works with oxygen stream, but manipulates a higher acid gas flow rate with respect to the 
standard plant, due to the recycling. One of the disadvantages of the novel solution is the 
introduction, in the furnace, of pure oxygen that makes an air separation plant upstream 
necessary. However, this cost item is very well balanced with the need, for a standard 
system, to increase the equipment volumes in order to treat the same acid gas amount of 
the revamped process. Therefore, the real and most important innovations of the 
revamped Claus process with respect to the old one, from a technological point of view, 
are the production of syngas and the reuse of a polluting emission, i.e. CO2, to produce 
valuable products. This synthetic gas can be sold, bringing an immediate economic 
advantage or can be added to the syngas stream generated, for example, by an upstream 
gasification plant (to increase the amount of syngas produced starting from the same coal 
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feed). Moreover, syngas can be also used in a downstream section of the plant, assigned 
to the production of methanol or to Fischer Tropsch Synthesis (FTS). 
 
Table 7. Comparisons between Claus and AG2STM process in terms of some key parameters 
 
 Claus process AG2STM process 
Condensed sulfur [kg/h] 8,801.49 9,082.06 
Sulfur recovery [%] 94.80 98.50 
H2S conversion [%] 96.46 100.00 
Processed mass flow [kg/h] 43,021.48 37,968.56 
Furnace temperature [°C] 1,305.84 1,250.20 
Syngas produced [kg/h] 0.00 2,308.80 
Steam produced (263 °C) [kg/h] 31,276.80 12,411.81 
CO2 conversion [%] 0.00 30.20 
 
Finally, it is important to underline the fact that AG2STM process is similar to the 
Claus process in terms of unit operations involved. Indeed, AG2STM presents a furnace, a 
WHB and a catalytic reactor and also the amine wash could be related to mandatory tail 
gas treatment unit for the Claus process [44]. The only novel unit is the gas-gas heat 
exchanger that is used for heat recovery with the consequent acid gas pre-heating. 
Moreover, as already mentioned, AG2STM process treats about the same amount of acid 
gases flow rate compared to the Claus process. So, from the point of view of energy 
consumption, the novel process seems to have the same energy usage of the old one.  
The only section with higher energy consumption, which needs further study, is the 
washing section because the mass flow rate of acid gas recycle is higher compared to the 
stream related to the tail gas treatment unit of the Claus process. For these reasons, 
AG2STM process seems to be economically attractive due to the extra hydrogen 
production opposed to the investment cost of the novel heat exchanger and the operative 
cost of the amine wash unit. 
Environmental impact comparison (Life-Cycle Assessment) 
Finally, in this work, a first basic environmental impact evaluation was performed. 
The AG2STM technology, as already mentioned, was design to use the same units of 
Claus process. In this way two different achievements can be reached, minimizing the 
revamping costs and avoid energy and material consumption to produce the new plant 
and dispose the old one. The RTR has the same dimensions and materials of the 
traditional Claus furnace and WHB. There are only two differences between AG2STM 
and Claus process. The first uses one catalytic reactor instead of three but it requires a 
new ammine treatment unit to separate the produced syngas (hydrogen and carbon 
monoxide) from unreacted acid gases (see Figure 6). The rest of the plant is the same and 
for this reason the impact of the two plants is considered equivalent. The carbon footprint 
of the two processes was evaluated considering the carbon emissions, the heat demand 
and the electrical energy use. In particular, the emissions due to SMR furnace, MDEA 
regenerator, compressors and catalyst use were evaluated. According to IPCC GWP 100 
years 2013, the carbon footprint considered for electrical energy, heat production and 
catalyst production are, respectively, 433 g CO2eq/kWhe, 204 g CO2eq/kWht and  
1.47 g CO2eq/gcatalyst [45]. As reported in Table 8, the total carbon emissions are  
501,977.4 kg/h for traditional process and 501,962.2 kg/h with AG2STM technology. 
Differently from what mentioned before, CO2 emissions are the same. 
Considering not only the CO2 produced during the main process, but also the 
emissions due to the utilities, the appealing of the new technology seems to decrease. 
This is due to the presence of a second amine treatment unit, which requires a larger 
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quantity of heat that balance the CO2 consumed in the AG2S™ stage. However, this 
drawback could be overlooked if the regeneration heat is provided by steam that could be 
generated directly in the process itself. In this case, the CO2 emissions could be reduced 
up to 0.77%. The carbon footprint of both processes is mainly due to emissions of steam 
reforming furnace and only in minor part (about 4%) by other process stages like MDEA, 
compressors and catalyst. Environmental impact could be further reduced changing the 
use of syngas. If the latter will be used to produce chemicals, the carbon footprint of the 
new process could decrease by about 3%. A more detailed LCA analysis could be useful 
to optimize the AG2STM process not only by an economic point of view but also by an 
environmental one. 
 
Table 8. Carbon footprint comparison between traditional and new technology 
 
 Traditional [kg CO2eq/h] Novel [kg CO2eq/h] 
SMR 485,980.0 487,564.0 
Claus 5,706.8 - 
MDEA 269.3 4,122.8 
Compressor 10,015.3 10,273.4 
Catalyst 6.0 2.0 
Total 501,977.4 501,962.2 
CONCLUSION 
The paper presented a novel effective and environmentally friendly solution for 
industrial steam reforming process that allows to decrease the consumption of the natural 
gas sources reaching the same production of hydrogen. The basic idea is to apply a novel 
technology, AG2STM, that allows to reduce the emissions of H2S and CO2 and, at the 
same time, to exploit the oxidizing capacity of CO2 with H2S to ease the recovery of 
syngas. Coupling two different software, i.e. Aspen HYSYS and MATLAB, in order to 
include a detailed kinetic scheme, the traditional and the novel steam reforming process 
were simulated and compared in terms of some key parameters. The most important 
results are the decrease of CO2 emissions (about 0.84%), primary feedstock (about 
1.06%) and additional fuel to the steam reforming reactor (about 0.63%). Furthermore, is 
demonstrated that a natural gas charge with a high sulfur content mean a higher reduction 
of CO2 emissions. It is worth considering that the application of such a technology is not 
yet optimized in terms of feedstock and operating conditions. For these reasons, given the 
innovative nature of the process, this technology requires more detailed analysis (e.g. unit 
dimension and design, energy consumption, optimized operating conditions), before it 
could be used on a real industrial plant, but this highlight that the novel process is very 
interesting and economically appealing. Finally, a first study of the environmental impact 
of the processes was done. Carbon emissions depend mainly by SMR furnace. AG2STM 
technology, coupled with SMR process, could be used to reduce the CO2 emissions up to 
0.77%. The value could be increased to about 3% if the syngas produced is converted to 
chemicals instead of hydrogen through Water Gas Shift (WGS) process. For sure, LCA 
analysis should be improved considering also equipment. 
NOMENCLATURE 
cp mixture specific heat at constant pressure [kcal/kgK] 
D reactor diameter [m] 
Hi mass enthalpy of the i species [kcal/kg] (ADD) 
Rj reaction rate of the j reaction [kmol/m3s] 
S heat exchange area [m2] 
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T temperature of the system [K] 
Text external reactor temperature [K] 
Uext overall heat exchange coefficient [kW/m2/K] 
V reactor volume [m3] 
Wi molecular weight of i species [kg/kmol] 
Greek letters 
τ contact time [s] 
υij stoichiometric coefficient of i species in the j reaction [-] 
ωi mass fraction of i species [-] 

2
 
mass fraction of i species at initial condition [-] 
ΔHj heat generated from the j reaction [kcal/kg] 
Abbreviations 
AG2S Acid Gas To Syngas 
ASU Air Separation Unit 
ATR Auto-Thermal Reforming Reactor 
GWP Global Warming Potential 
HTS High Temperature Shift Reactor 
IPCC International Panel in Climate Change  
LCA Life Cycle Assessment 
LHV Lower Heating Value 
LTS Low Temperature Shift Reactor 
MDEA Metal Di-Ethanol Amine 
NC Number of Components 
NR Number of Reactions 
PRSV Peng-Robinson-Styjek-Vera 
PSA Pressure Swing Adsorption 
RTR Regenerative Thermal Reactor 
SMR Steam Methane Reforming 
SRU Sulfur Recovery Unit 
WGS Water Gas Shift  
WHB Waste Heat Boiler 
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